Abstract-This paper presents the modelling and simulation of a wind turbine driven Permanent Magnet Synchronous Generator connected to a load. The system has been tested at different wind speeds. The machine side controller has been designed to match Maximum Power Point Tracking (MPPT) to obtain high extraction of wind power when connected to a load, while the load side controller fixes the DC voltage that is converted to the AC load voltage. Detailed plots of voltage and current profiles are also presented in the paper.
I. INTRODUCTION
In recent years, there is a real orientation on production of clean energy, especially wind energy to keep environment within agreeable limit of constraints of noise and pollution. This led to produce wind energy with multiple considerations of control and protection to enhance the power system generation in a good performance of generation quantities such as voltage, frequency and power. To achieve that, wind energy has been controlled during the operation process to keep appropriate amount of power injected to the power grid or stored in batteries. Squirrel-Cage Induction Generators (SCIG) and Double -Fed Induction Generators (DFIG) are typically used in fixed speed systems.
Generally fixed speed turbines are well-established, simple, robust, reliable, cheaper compared to those generators that used in variable speed Wind Energy Conversion System (WECS). Due to continuous variation of speed of wind during short period of time, the need of variable speed generators becomes necessary. On the other hand, Permanent Magnet Synchronous Generators (PMSG) are most recently used in generation of electrical power from the wind energy either in stand-alone operation or connected to the grid as shown in Fig. 1 .
In case of stand-alone, the connection of stored battery is necessary to maintain the electrical power injection to the building within rated limit in case of wind speed reduction.
On the other hand, the battery is not necessary in case of connection of wind turbine generator system to the grid due to constancy of voltage and frequency in all points of grid.
II. WIND TURBINE MODEL
Wind energy is transferred to mechanical power through wind turbine and hence to the electric energy through generator. The kinetic energy in a flow of air through a unit area perpendicular to the wind direction per mass is converted to mechanical energy [1] .
From Newton's Law, the power captured by the wind turbine for an air stream flowing through an area A, and then generated by the wind is equal to [2] :
where ρ is the air density of values 1.1 -1.3 (kg/m3), A is the area swept out by turbine blades (m 2 ), V is the wind speed (m/s), P m is the wind power (watts or J/s) and C p is the power coefficient which can be expressed as a function of the tip speed ratio λ and pitch angle β given by [3] 
where β is the pitch angle of the blade in degrees, R is the radius of the area swept out by blades turbine and ω m is the mechanical speed of the generator in rad/s. The power coefficient can be expressed in (3): In ideal case, the power coefficient C p reaches a maximum value equal to C p = 0.593 which means that the power extracted from the wind is always less than 59.3% and is designed as Betz 's limit. In practice, values of obtainable power coefficients are in the range of 40 %. This value below the theoretical limit is caused by the inefficiencies and cause by a various aerodynamic losses which depend on the rotor construction (number and shape of blades, weight, stiffness, etc.).
The performance power coefficient, C p of a wind turbine is plotted against the tip speed ratio (TSR) λ to get the maximum values of C p in all operation condition. Fig. 2 shows the plot of power coefficient with respect to tip speed ratio (TSR) for different values of pitch angle β. It is observed that the maximum power coefficient value C p _max(λ,β)=0.48 for λ =8.1 in case of β = 0. This particular value of λ opt results in optimal efficiency point where maximum power is captured from the wind by wind turbine.
The output power is changed with the angular velocity ω for variable values of the wind speed. Therefore, the optimum values of P, C p and λ should be taken in to account to get optimum design as shown in Fig. 3 .
III. PMSG MODELS
Dynamic modelling of PMSG can be described in synchronous rotating reference frame where the q-axis is 90 degrees ahead of the d-axis with respect to the direction of rotation. (5) and (6) respectively [7] , [8] :
where L q and L d are the inductances of the generator on the q and d axis, R g is the stator resistance, ψ f is the permanent magnetic flux and ω e is the electrical rotating speed of the PMSG defined as [9] :
where p n is the number of pole pairs of the PMSG and ω m is the mechanical angular speed. where ωt = θr is the rotor angular position.
The equation of electromagnetic torque can be obtained from the input power that is transferred through the air gap from the stator. The total input power that transferred from the stator is expressed in (10):
where V sa , V sb , V sc are stator voltages.
When the d-q reference quantities are rotate at ω r =dθ/dt, then the equation of the input power is transferred to the rotor is reduced in (11): where zero sequence quantities are neglected, the output power can be expressed in (12) :
For the angular speed rotates with p number of poles, then the electrical speed in term of mechanical is ω r =(p n /2)ω m . Then the output power can be deduced to (13) with p n number of pole pairs:
By dividing the output power by ω m , the electromagnetic torque (T e ) equation can be obtained by (14):
If p is the number of pole pairs in the machine then the electromagnetic torque can be expressed in (15):
In addition, if it is a reasonable approximation where PMSG is assumed to be wound-rotor, then L d = L q , and the expression of the electromagnetic torque in the rotor can be described in (16) as [10] :
The dynamic equation of the wind turbine is given in (17): where J is the total moment of inertia, F is the viscous friction coefficient and T m is the mechanical torque developed by the turbine.
IV. CONTROL SCHEMES OF THE SYSTEM
Since the output voltage and frequency have to be constant, the control system has been designed to perform that in both machine side and load side to keep all quantities within acceptable limit.
A. Machine Side Converter Control(MSC)
In Machine side Converter, the controller is operated by two loops, inner and outer loops. In the inner loop, the d-q components currents have been controlled by adjusting appropriate values of currents reference. This part of controller has achieved the electrical dynamic of the machine. In outer loop, the mechanical dynamic has been controlled by adjusting the value of the optimum angular speed of the machine ω g . In this case the optimum speed has been controlled by selecting optimum value of tip speed ratio with respect to wind speed to ensure that the machine is running at optimum speed in any case of wind speed change and any transient will be overcome at any instant.
It is obvious from (16), the electromagnetic torque has been influenced by i q , so it is easy to control this torque by controlling angular velocity which finally control quadrature axis current i q . By choosing a set point of angular velocity ω g , the maximum power point tracking have been done to get maximum power capturing from the wind during any change in wind speed.
Since the system type is first order equation, Proportional Integral (PI) controller has a good effect to use in this case. This controller has a proportional parameter K P and integrator parameter K I , which have to be tuned in a proper way to get the optimum operation and response. The commanded q-reference current i qref is determined by speed controller and the output of PI controller is:
where K pω and K Iω are the proportional and integral parameters of PI controller, while e ω is the error between the reference speed and measured speed of generator.
Depending on the q-axis reference current, the d-q controlled output voltage can be determined by the PI controller as shown below:
where, K pi and K Ii are the a proportional and integral parameters gain of the current loop PI controller respectively, while e d and e q are the error of d-q current component as shown in (21) and (22) 
B. Load Side Converter Control(LSC)
In load side control, the DC voltage has been converted to AC by triggering 6-pulses IGBT device by PWM generator.
The values of triggered voltages have been selected by a proper value of DC link capacitor and inductor that can do this task. DC battery is able to supplement and maintain the voltage to the load when the wind speed is reduced to lower values. The setting value of the DC voltage through the capacitor, the output AC voltage will be fixed by controlling the output load currents that will be the input of the load side controller.
In order to obtain only the active power to be transferred to the load, i q is adjusting and set to be zero. As well as current, the output voltages have been used in control system by Phase-Locked Loop (PLL) to maintain the phase shift of the voltages in synchronization with the line during the control process.
V. SIMULATION AND RESULTS
In this work, the modelling of single machine, 3-phase fixed blade horizontal axis wind turbine direct train is connected to permanent magnet synchronous generator fed a load. The modelling has been done in Matlab/Simulink program to achieve the output results in time domain [10] . All parameters of the system have been used in real value to keep the system operation in real simulation and to avoid the conversion of real values to per unit values. The data of Table  I have been applied to satisfy above model. 
The generator is connected to the load through full load back-to-back IGBT converter which converted power AC/DC to control the output power of wind turbine. This voltage has been converted finally by the DC/AC inverter connected to the load. In the beginning of simulation, wind turbine shown in Fig. 5 has been tested and subjected to infinite values of the wind speed to get the variation of mechanical power and torque. It is shown that the wind turbine operates with rated wind speed of 12 m/s.
The variation of wind speed V w of the wind turbine with respect to time is shown in Fig. 6 . The output mechanical power and torque that entered to PMSG are shown in Figs. 7-8 . The complete system includes: wind turbine, PMS generator, rectifier, inverter and normally closed switch of battery have been fixed in the Simulink model as shown in Fig. 9 .
The first simulation for variable wind speed has operated in case of R-L filter. Then simulation has been done with this model of wind speed of 8, 12, 10 m/s to analyse the behaviour of the wind turbine when its operating point is less than the rated wind speed. The second simulation has been done with LCL filter. It is obvious that the system is operated well during the wind speed change. The generated voltages and currents and also the output of the voltages and currents are shown in Fig 10-13 . 
VI. CONCLUSIONS AND FURTHER WORK
Horizontal axis Wind turbine fully decoupled PMSG connected to load has been simulated in Matlab/Simulink. From simulation, it is concluded that the wind turbine generator system is controlled well to get MPPT in generator side controller. Also smooth DC voltage in load side controller has been achieved. The outputs of voltages and currents show that there is a small distortion in output current due to inductance of R-L filter. The DC output voltage will be stable after a small oscillation which depends upon the size of dc link capacitor and inductor. It is also concluded that, load side converter with LCL filter is suitable in smoothing of load voltages and currents rather than RL filter. It is also obvious that the PI controller is regarded as an attractive solution for adjustable speed wind generator and then the profile of output voltages and currents especially for constant load.
With regard to further work, the connection of PMSG or DFIG to the grid will be investigated, modelled and simulated as well as applying other types of controller such as slide mode or hysteresis current controller to overcome oscillations in output currents. 
